
United States Patent [191 
Herron 

[54] QUANTITATIVE DETERMINATION BY 
ELEMENTAL LOGGING OF SUBSURFACE 
FORMATION PROPERTIES 

[75] Inventor: 

[73] Assignee: Schlumberger Technology Corp., 
New York, N .Y. 

[21] Appl. No.: 770,802 

[22] Filed: Aug. 29, 1985 

Related US. Application Data 

[63] ‘Continuation-impart of Ser. No. 656,104, Sep. 28, 1984, 
which is a continuation-in-part of Ser. No. 574,481, 
Jan. 26, 1984. 

[51] int. c1.4 ............................................. .. 001v 5/00 
[52] us. (:1. .................................... ..1s/1s2;250/253; 

250/256 
[58] Field Of Search ................ .. 73/152; 250/253, 256, 

250/269, 270; 364/422, 498 

[56] References Cited 
U.S. PATENT DOCUMENTS 

Re. 30,827 12/1981 Pelet et al.v .......................... .. 73/ 152 
3,336,476 8/1967 Richardson .. .. 

3,590,228 6/1971 Burke ......... .. 

3,930,153 12/1975 Scott .............. .. 

3,976,878 8/ 1976 Chavalier et a1. 4,055,763 10/1977 Antkiw .............. .. 

4,071,755 l/1978 Supernaw et a1. 4,095,102 6/1978 Tixier ................. .. 

4,096,385 6/1978 Marett ........ .. 

4,263,509 4/1981 Fertlet a1. ............. .. 4,317,993 3/1982 Hertzog, Jr. et a1. ..... .. 250/270 

4,369,497 l/ 1983 Poupon et a1. ................ .. 364/422 
4,436,997 3/1984 Allen .............. .. 

4,446,369 5/1984 Givens et al. 
4,464,569 8/ 1984 Flaum ..... .. 

4,464,930 8/1984 Givens . . . . . . . . . . . . . .. 73/152 

4,475,038 10/ 1984 Lochmann et . .. 250/270 
4,573,354 3/ 1986 Voorhees et al. .............. .. 73/432 R 

OTHER PUBLICATIONS 
Hodgson, M. and Dudney, William L., “Estimation of 
Clay Proportions in Mixtures by X-Ray Diffraction and 

Michael M. Herron, Danbury, Conn. 

[11] Patent Number: 

[45] Date of Patent: 
4,722,220 

Feb. 2, 1988 

Computerized Chemical Mass Balance”, Clays and Clay 
Minerals, vol. 32, No. 1, pp. 19-28, 1984. 
Pearson, “Quantitative Clay Mineralogical Analyses 
from the Bulk Chemistry of Sedimentary Rocks”, Clays 
and Clay Minerals, vol. 26, No. 6, pp. 423-433, 1978. 
Poupon, A. et al., Log Analysis of Sand-Shale Sequen 
ces-A Systematic Approach, J. Pet. Tech., (Jul. 1970, 
pp. 867-881). 
Poupon, A. et al., Log Analysis in Formations with 
Complex Lithologies, J. Pet. Tech., (Aug. 1971, pp. 
995-1005). 
Lock, G. et al., Natural Gamma-Ray Spectral Logging, 
The Log Analyst, (Sep.-Oct. 1971, pp. 3-9). 
Roberts, H. et al., The Application of Coriband to the 
Micaceous Jurassic Sandstones of the Northern North 
Sea Basin, 3rd Ann. European Formation Eval. Symp., 
(Oct. 1974). 

‘(List continued on next page.) 

Primary Examiner-Stewart J. Levy 
Assistant Examiner-Scott M. Oldham 
Attorney, Agent, or Firm—David G. Coker; David P. 
Gordon; Joseph J. Kaliko 

[57] ABSTRACT 
Methods are disclosed which provide for quantifying 
and characterizing the mineral content of a formation as 
a function of depth. Elemental data derived from log 

tools are’ input into an element-mineral transform 
operation, to determine the quantity of at least one or 
more dominant minerals in the formation including 
minerals distinguishable by degree of crystallinity. 
From the mineral quantity information and the elemen 
tal log data, the formation minerals are further charac 
terized. Information regarding the character and quanti 
ties of formation minerals is further used to obtain im 
proved determinations of formation characteristics such 
as the cation exchange capacity and water saturation, 
and the grain density and formation porosity, as well as 
to obtain an increased understanding of the formation 
such as the depositional environment of the formation. 
A determination of formation characteristics and an 
increased understanding of the formation are both vital 
to production decisions concerning the formation. 
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QUANTITATIVE DETERMINATION BY 
ELEMENTAL LOGGING OF SUBSURFACE 

FORMATION PROPERTIES 

This application is a continuation-in-part of applica 
tion Ser. No. 656,104, ?led Sept. 28, 1984, which in turn 
is a continuation-in-part of application Ser. No. 574,481, 
?led Jan. 26, 1984. 
The subject matter of this invention is related to sub 

ject matter disclosed in U.S. patent application Ser. No. 
574,753 (File No. 60.708) of Michael Herron and Jeffrey 
Schweitzer, ?led on Jan. 26, 1984 and assigned to the 
same assignee of the present invention. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to investigat 
ing earth formations traversed by a borehole. More 
particularly, the invention relates to methods for deter 
mining values for and for further characterizing the 
attributes of a formation surrounding a borehole by 
processing well logging data derived by lowering in the 
borehole one or more apparatus for investigating sub 
surface earth formations. The ability to assign values for 
(e.g. quantify) and further characterize formation attri 
butes (e.g. formation minerals) permits a wide range of 
new and improved results to be obtained through log 
ging, including a direct calculation of cation exchange 
capacity (CBC) and a corrected water saturation (Sw) 
determination, an oil API gravity log, an improved 
grain density and porosity determination, an improved 
understanding of depositional environment, a permea 
bility log, a log of mean grain size, a log of thermal 
neutron capture cross-section and a log of formation 
elements not directly measurable, among others. 

Quantitative knowledge of the lithological constitu 
ents present in a well as a function of depth would be 
valuable in assessing all aspects of exploration, evalua 
tion, production, and completion. A complete shaly 
sands lithological description must go beyond simple 
discrimination between “sands” and “shales” and, for 
example, establish the quantity of clay minerals in all 
layers including so-called “clean sands”, identify and 
quantify the non-clay as well as clay minerals present, 
and identify subtle and pronounced changes in deposi 
tional or diagenetic facies by characterizing the forma 
tion minerals. 

Until now, it has been generally accepted that there 
are no successful techniques available for taking ele 
mental chemical data and deriving therefrom a quantita 
tive mineralogical analysis of the lithology in question. 
Some procedures have been posed for gaining limited 
knowledge of lithology from chemical data, and differ 
ent logging tools have been utilized to provide elemen 
tal data and indicators, but none of the previously 
known procedures or tools, alone, or together, have 
been capable of broadly and accurately permitting 
quantitative mineralogical analysis from logging. The 
known techniques and procedures generally only ad 
dress the derivation of particular outputs such as water 
saturation, porosity, carbon/oxygen ratios, cation ex 
change capacities, general lithology classi?cations, etc. 
Examples of borehole tools which provide and deter 

mine elemental chemical data and yields include natural 
gamma ray tools, induced gamma spectroscopy tools 
and high resolution spectroscopy tools. The natural 
gamma ray tools typically comprise a scintillator and 
pulse height analyzer which respond to and measure the 
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2 
gamma ray activity due to the decay in an earth forma 
tion of the naturally radioactive elements: thorium, 
uranium and potassium. In the past, the thorium plus 
potassium content has been used as an indication of clay 
or shale content. Uranium amounts have been suggested 
to indicate organic carbon sources and to provide infor 
mation regarding secondary porosity detection and 
fractures. See e.g. US. Pat. No. 4,071,755 issued to 
Supernaw et al. As detailed by Lock, G. A. and Hoyer, 
W. A., “Natural Gamma-Ray Spectral Logging,” The 
Log Analyst, September-October 1971, pp. 3-9, a thori 
um/uranium ratio may in some instances provide in 
sight into the type of marine environment encountered. 
A potassium percentage determination may provide in 
some instances an indication of potash deposits or mica 
ceous sands. 

Induced gamma ray spectroscopy tools typically 
utilize a pulsed deuterium-tritium accelerator neutron 
source and sodium iodide detectors, which detect the 
gamma rays resulting from the interaction of the source 
neutrons with the formation elements. As disclosed in 
US. Pat. No. 3,521,064 issued July 21, 1970 to Moran 
and US. Pat. No. 4,055,763 to Antkiw, the spectros 
copy tools can be run either in an inelastic or an activa 
tion mode and provide elemental yield information on 
hydrogen, chlorine, silicon, calcium, iron, oxygen, car 
bon and sulfur. Using various ratios of the determined 
elements, indicators such as ?uid salinity, porosity, 
shaliness, lithology and oxygen activation, among oth 
ers, may be determined. 
High resolution spectroscopy tools are based on the 

same principles as the induced gamma ray spectroscopy 
tools except that the accelerator neutron source may be 
replaced, if desired, by a chemical source, and the de 
tectors utilized are high resolution (such as high-purity 
germanium) detectors. The high resolution (or en 
hanced resolution) spectroscopy tools (see Everett, R., 
Herron, M. and Pirie, 6., “Log Responses and Core 
Evaluation Case Study Technique Field and Labora 
tory Procedures” SPWLA 25th Annual Logging sympo 
sium, June 27-30, 1983 pp. 23-24), may be used to deter 
mine both the amounts of the more abundant formation 
elements such as those determined by the induced 
gamma ray spectroscopy tools, and the ‘amounts of less 
abundant elements such as aluminum, vanadium, mag 
nesium, sodium, etc. 
From the information gathered by the tools disclosed 

above, as well as other tools known in the art including 
electrical resistivity tools, sonic exploration tools, and 
other nuclear tools such as the gamma-gamma (forma 
tion density tool), or neutron-neutron (neutron porosity 
tool) tools, many attempts have been made to compre 
hensively evaluate and interpret lithology, including 
systems for two-mineral interpretation and shaly sands 
interpretation. Some systems such as SARABAND and 
CORIBAND (registered trademarks of Schlumberger 
Technology Corporation, described respectively in 
Poupon, A. et al., “Log Analysis in Formations with 
Complex Lithologies”, J. Pet. Tech. (August 1971) pp. 
995-1005 and Poupon, A. et al. “Log Analysis of Sand 
Shale Sequences-A Systematic Approach” J. Pet. 
Tech. (July, 1970), correct porosity and resistivity logs 
for borehole and mudcake effects and then correct for 
the in?uence of clay, and/or shale content, and the 
effects of light hydrocarbons, etc. before computing 
porosity, matrix density, water saturation, movable 
hydrocarbon saturation, etc. Other techniques for shaly 
sand interpretation include the Waxman-Smits ap 
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proach in which clay conductivity is used for a determi 
nation of water saturation. Clay conductivity is ex 
pressed in terms of cation exchange capacity (CEC), per 
unit volume, Qv. However, as shown in Burck, Lock 
hart, J. S., “A Review of Log and Core Methods for 
Determining Cation Exchange Capacity/Qv”, Transac 
tions of the Eighth European Formation Evaluation Sym 
posium (London, England Mar. 14-15, 1983), unless 
constant minerology and salinity are assumed, conven 
tional logging cannot provide a satisfactory determina 
tion of Q,. Moreover, the Waxman-Smits approach 
cannot be said to provide a comprehensive evaluation 
and interpretation of lithology. 
Another approach to lithology evaluation has been to 

analayze formations through core analysis. Thus, core 
analysis has been used to determine CEC or Q,. A sum 
mary of the different core measurement techniques is 
provided in the aforementioned Burck article including 
both destructive (pulverizing) and nondestructive tech 
niques. In addition, core analysis has been utilized in 
conjunction with logging to correlate radioactive ele 
ments to cation exchange capacity. In Us. Pat. No. 
4,263,509 issued on Apr. 21, 1981 to Fertl et al., it was 
suggested that the cation exchange capacity determined 
by the laboratory testing of a cored borehole could be 
correlated to a function of the natural gamma rays de 
tected by logging the said borehole. Natural gamma ray 
logging operations in subsequent boreholes within the 
same geological region would then provide, in conjunc 

"l tion with the predetermined function, an in situ estima 
- tion of the depth related cation exchange capacity of the 
' subsequent borehole. Such a technique is of limited 

~ utility, however, because cation exchange capacity is 
being correlated to elements which generally have little 
global relation to the clay minerals which dictate cation 
exchange capacity. 
Core analysis has also been used by geochemists in 

--‘—the analysis of depositional environments. One analysis 
"technique is called “factor analysis” and is extensively 
“described in Joreskog, K. G., Klovan, J. E. and Rey 
" *mont, R. A., Geological Factor Analysis, Elsevier Scien 
iti?c Publishing Company (Amsterdam, the Netherlands 
1976). Factor analysis is a technique which can be used 
in geochemistry to take multiple data sets of variables 
such as elemental concentrations and to correlate and 
anticorrelate the variables such that the subject rock or 
formation can be described with a good degree of cer 
tainty by a small number of independent factors which 
can be identi?ed. Factor analysis has been used in the 
past to correlate elements to desired outputs such as 
aerosol sources and air pollution. Thus, the detection of 
‘an increase in the abundance of the element lead would 
indicate increased local usage of fossil fuels. In such a 
correlation, score analysis is utilized to determine how 
the magnitude of the factors changes from sample to 
sample. 

Factor analysis was used in conjunction with regres 
sion analysis in Tardy, Yves, Element Partition Ratios in 
Some Sedimentary Environments, Sci. Geol. Bull. 28, 1, 
p. 59-95 (Strasbourg, 1975), to classify a formation and 
to solve for the distribution of trace elements among the 
classi?ed fractions of a rock. Thus for example, in a 
particular core sample set, by factor analysis, forty vari 
ables were correlated such that four groups (rock frac 
tions) were identi?ed: detrital, sul?de, phosphate (apa 
tite) and organic carbon. Through the use of regression 
analysis, the distribution in ppm of the trace elements 
among the four groups was determined. Also, by ana 
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4 
lyzing results from twenty-one other sets of shale and 
sandstone core samples, a study of the occurrence of 
trace elements in identi?ed principal rock fractions was 
accomplished with the resulting conclusions that envi 
ronmental conditions such as weathering, deposition 
and diagenesis might be determinable from a determina 
tion of trace elements in the rock formation. 
While the interpretation of logging results and of core 

data have provided many useful outputs to help de 
scribe and evaluate lithology, no techniques have been 
provided which can permit a comprehensive and accu 
rate analysis of a formation by determining from initial 
log inputs the values for or quantities of the formation 
attributes such as formation minerals. 

It is therefore an object of the invention to provide 
methods for taking log data as input and providing 
values for the attributes of the formation under investi 
gation. 

It is a further object of the invention to provide meth 
ods for taking log data as input and providing a mineral 
ogical analysis including both a quantitative determina 
tion and a characterization of the minerals in the forma 
tion under investigation. 

Still further, it is an object of the invention to provide 
methods which take as input, data on the concentration 
of each of a selected group of elements, including trace 
elements, and which, by way of output, quantify the 
concentration of each of a selected group of minerals 
where at least one member of the group of mineralsis 
characterized and distinguishable by its degree of crys 
tallinity. 

It is yet a further object of this invention to provide 
methods for taking log data as input and providing a 
quantitative determination and a characterization of the 
clays present in the formation under investigation. 
Another object of the invention is to provide a shaly 

sands interpretation technique which accounts for clays 
present in the formation. 
Yet other objects of this invention are to provide 

methods for the analysis of depositional environment 
and production risks as well as improved calculation of 
CEC, water saturation, permeability, mean grain size 
and capture cross-section from the quantitative determi 
nation and characten'zation'of minerals provided by this 
invention. 

SUMMARY OF THE INVENTION 

There are broadly provided, in accordance with the 
invention, methods for determining the values of forma 
tion attributes wherein a borehole in the formation is 
logged by induced nuclear spectroscopy in order to 
determine the concentration of elements, an element-to 
attribute transform is constructed, and the log data is 
used as input into the element-to-attribute transform to 
provide a determination of values for the attributes of 
the formation. Typically, the attributes will be forma 
tion minerals. 
The invention also provides methods for investigat 

ing, through logging, an earth formation traversed by a 
borehole in which elements and attributes likely to 
occur in the formation are identi?ed, and an element 
attribute transform linking the identi?ed attributes and 
elements is constructed, by modifying a prede?ned 
transform in accordance with the known geology of the 
formation. The borehole is logged to determine the 
elemental concentrations of the elements, and then the 
attributes for one or more depths of the borehole are 
quanti?ed by applying the element-attribute transform 
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to the elemental concentrations. The transform may be 
modi?ed upon the basis of comparison of the quanti?ed 
attributes with the measurements obtained by other 
logging operations in the borehole. 

Information regarding the character and quantities of 
formation minerals in turn may further be used to obtain 
improved determinations of formation characteristics as 
well as an increased understanding of the formation, 
both of which are vital to production decisions concern 
ing the well and the entire oil ?eld. Thus, for example, 
the quality of oil in the reservoir may be measured by 
the API gravity which is a function of the vanadium in 
the oil. Because vanadium is found not only in oil, but in 
shales, it is impossible to determine the API gravity of 
the oil in situ without ?rst determining the vanadium 
content of the shales. By using the method invention 
summarized above, the quantities of various clay miner 
als containing vanadium are determined, and in turn 
through linear regression, the vanadium content of each 
of those minerals is determined. Any residual vanadium 
detected by the logging tool may then be attributed to 
the oil. From the determined vanadium content of the 
oil, in conjunction with other information such as oil 
saturation, formation porosity, and ?uid density, the 
vanadium concentration in the oil and hence oil API 
may be determined. 

Likewise, other elements occurring in the formation 
may be quanti?ed, whether they are directly measur~ 
able by logging or not. The elemental quanti?cations 
thereby obtained can themselves be used to derive val 
ues for such formation properties as thermal neutron 
capture cross-section. 
Another example of improved determination of for 

mation characteristics from the mineral quantity deter 
mination invention is the possibility of directly calculat 
ing cation exchange capacity and hence water satura 
tion from logs. Since it may be assumed that only clay 
minerals adversely affect a water saturation determina 
tion by contributing to the CEC, a determination (using 
the method invention) of the different clay contents is 
helpful. By assuming that the rock CEC is a linear addi 
tive function of the content of each clay mineral, the 
formation CEC and its consequent impact on resistivity 
readings may be determined. Hence, an improved water 
saturation reading is available. 

Grain density can likewise be determined, as can 
formation properties which have no direct counterpart 
in relation to individual minerals, such as permeability 
and mean grain size. 
An understanding of the formation which may be 

vital to hydrocarbon production may also be gained by 
a knowledge of the formation mineral characteristics. 
Thus, for example, the presence of a high iron-illite 
would dictate the avoidance of acidization as a produc 
ing technique because an iron-oxide gel would be pro 
duced which could seal the formation. On the other 
hand, if the illite was characterized as a low-iron illite, 
acidization techniques could be utilized. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Additional objects and features of the invention will 
become more apparent upon consideration of the fol 
lowing detailed description of the invention when taken 
in conjunction with the accompanying drawings 
wherein: 
FIG. 1 is a ?ow diagram representing the invention 

for determining mineral quantities and further charac 
terizing the formation minerals from logs. 
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FIG. 2 is a ?ow diagram representing a method for 

providing a re?ned porosity determination. 
FIG. 3a is a ?ow diagram representing a method for 

determining the API gravity of oil in situ. 
FIG. 3b is a cross plot of vanadium and aluminum 

concentrations used in one method for determining the 
API gravity of oil in situ. 
FIGS. 4a, 4b and 4c are factor analysis cross plots 

wherein various formation elements, minerals, log re 
sponses and formation properties are plotted in relation 
to different factors. 
FIG. 5 is a log depicting the absolute percentage of 

dominant minerals in an examined borehole. 
FIG. 6 depicts a porosity log, a matrix density log, 

and a re?ned porosity log. 
FIG. 7 is a cross-plot of the invention-derived CEC 

measurements with those of the laboratory-derived 
CEC measurements. 
FIG. 8 represents a log depicting the total vanadium 

content, and the oil vanadium content as a function of 
borehole depth. 
FIG. 9a through 9h are cross plots of laboratory 

derived mineral quantity measurements versus log 
derived mineral quantity measurements. 
FIG. 9i is a cross plot of laboratory-derived ?nes 

measurements versus log-determined ?nes measure 
ments. 
FIG. 10 is a flow diagram representing a modi?ed 

way of deriving an element-mineral transform matrix. 
FIG. 11 is a log depicting thermal neutron capture 

cross-section is an examined borehole. 
FIG. 12 is a log depicting mean grain size in an exam 

ined borehole. 
FIG. 13 is a log depicting permeability in an exam 

ined borehole. 

DETAILED DESCRIPTION 

As stated in the Background and Summary, this in 
vention provides a determination of values for the dom 
inant attributes of a formation by logging a borehole in 
the formation to determine indications of indexers, con 
structing an indexer-to-attribute transform, and by in 
putting the log data into the indexer-to-attribute trans 
form to provide the determination of values for the 
dominant attributes. It should be understood at the 
outset that an “indexer” is something which relates to 
the formation or borehole environment and which cor 
relates well with an attribute of the formation. While, 
for purposes of simplicity and best mode, chemical 
elements (index elements) will be the only indexers 
mentioned and used throughout this application, the 
term “indexer” shall not be limited to only chemical 
elements but shall include any data derived by a logging 
tool or otherwise (such as pressure, temperature, dip, 
permeability, resistivity, shear or compressional wave 
characteristics, etc.) provided it correlates with a for 
mation attribute. 

It should also be understood that a formation “attri 
bute” is something which describes the formation under 
investigation. While for purposes of the best mode and 
simplicity, formation minerals will be the only attributes 
of the formation considered, the term “attribute” shall 
include other descriptors such as fractures, grain size, 
permeability, porosity, formation processes such as 
diagenesis and uranium decay, etc. In assessing an attri 
bute, a value may be assigned to that attribute. When 
the attribute is a mineral, the “value” normally takes the 
form of a quantity determination. 


























